Ar metastable atoms are important energy carriers and surface interacting species in low-temperature plasmas that are difficult to quantify. Ar metastable atom densities (N Ar,m ) in inductively coupled Ar and Ar/H 2 plasmas were obtained using a model combining electrical probe measurements of electron density (N e ) and temperature (T e ), with analysis of spectrally resolved Ar plasma optical emission based on 3p → 1s optical emission ratios of the 419.8 nm line to the 420.1 nm line. We present the variation of N Ar,m as the Ar pressure and the addition of H 2 to Ar are changed comparatively to recent adsorption spectroscopy measurements.
Introduction
Due to the ease of manipulation of plasma-generated atomic and ion species and energies in Ar/H 2 plasma, this plasma mixture is a topic of recent study with applications from cleaning deposits in fusion devices to controlling surface properties of polymers and hydrogenation of transistors [1] [2] [3] . Quantitative measurements of absolute particle (ions, reactive neutrals, metastable atoms, etc) densities and surface fluxes are required for monitoring this manipulation in these applications. Recently, several research groups have reported measurements and created models for predicting the plasma parameters and ion compositions of Ar/H 2 plasmas [4] [5] [6] . Sode et al recently showed unpredicted results in molecular ion compositions and electron behaviour of H 2 /Ar plasmas at different chemical compositions [6] . Metastable species formation are also important electron energy-loss mechanisms and are significant for surface reactions in Ar plasmas along with H atom creation in Ar/H 2 plasmas, though they are notoriously hard to quantify through direct plasma observation techniques. Ar metastables have long lifetimes, carry significant energy that can be transferred to atoms/molecules causing Penning ionization/dissociation, and occur at high densities in lowtemperature plasmas [7] [8] [9] . Ar metastable atoms in Ar plasma and Ar plasma mixtures have been used for low-energy patterning of surfaces [10, 11] Quantification of metastables in Ar plasmas [12] [13] [14] and Ar/reactive gas mixtures [15] [16] [17] by optical methods has been a topic of great interest. In the Ar/H 2 global model presented by Kimura and Kasugai, an increase in N Ar,m with small increases in H 2 gas is predicted in Ar plasma at pressures of 20 mTorr and above [4] . They predict that further increasing H 2 flow into Ar plasma results in a levelling and a decrease in the N Ar,m . Wang et al have reported accurate N Ar,m measurements for Ar plasmas at different pressures and containing H 2 impurities using absorption spectroscopy. Their measurements show that N Ar,m has a local maxima as pressures are increased and decreases rapidly with H 2 addition [17] .
DeJoseph and Demidov used the relative emission intensities of 419.8 and 420.1 nm Ar lines to study the behaviour of Ar metastable atoms in plasmas [18] [19] [20] . The Ar emission of the 3p to 1s transitions display a unique ratio of intensity depending on whether the 3p state is excited by direct electron excitation or stepwise excitation. The line at 419.8 nm is excited almost exclusively due to direct ground-state excitation while the intensity of the 420.1 nm line strongly depends on 1s 5 metastable atom density. Boffard et al recently used these line ratios to probe the EEDF of dense inductively coupled Ar plasmas at different pressures [14] . These line ratio values of emission intensities of the 419.8 nm line to the 420.1 nm line (radiation from Ar levels 3p 5 [22] and it will be briefly outlined here. The intensity of the aforementioned lines is:
where N a is the neutral gas density, K 1a,2a are the electron optical excitation rate constants of the upper levels Ar emission lines from the ground states at 420.1 nm and 419.8 nm, respectively, K 1m,2m are the electron optical excitation rate constants from Ar metastable states at 420.1 nm and 419.8 nm, respectively. These rate constants are determined by:
where σ is the cross-section [21] , ε is the electron energy, and p(ε) is the measured EEDF (found from figure 1 ). The N Ar,m can then be calculated numerically by:
This model does not account for contributions to the 419.8 nm emission line due to electron excitation from resonance level Ar atoms. These contributions become increasingly significant above pressures of 5 mTorr [14] . Boffard et al showed the number densities of resonance level Ar atoms increased linearly from ∼5 to 15 mTorr before plateauing. This leads to a slight underestimation of metastable density in our measurements at the pressures explored, as the emission of the metastable state decreases above these pressures.
Methods
The experimental plasma characterization work was performed using an inductively coupled plasma (ICP) system described in previous studies [23] . A source power of 300 W was applied to a 3 turn coil through an L-type matching network to maximize inductive power coupling to the plasma. A total flow of 50 sccm (standard cubic centimetres per minute at STP) was used for all conditions. For Ar/H 2 mixtures, H 2 flow in Ar (quoted in terms of %) denotes a percentage of total flow volume in sccm units. A downstream throttle valve was used to control operating pressures. The confined plasma region was bounded by a 195 mm diameter ring, with a dielectric-windowto-bottom-substrate distance of 150 mm. To obtain EEDF, T e , and N e , Langmuir probe measurements were performed using a VGPS universal probe system [24] compensated to the drive frequency of the plasma and its harmonics. The plasma density, electron temperature and reaction rates are found as appropriated integrals of the measured EEDF [24, 25] . Optical emission measurements were performed using a SPEX 750M spectrometer (1200 lines mm −1 grating) equipped with a Hamamatsu PMT and a fibre optic cable that sampled the plasma 100 mm from the dielectric window. The emission of interest (419.8 to 420.1 nm) was resolved by scanning in increments of 0.01 nm.
Results and discussion
The effects of Ar pressure and H 2 additive gas on plasma species on the EEDF are shown in figure 1. Increasing pressure from the baseline curve of 10 mTorr increases the density of the plasma (area under the curve) and decreases T e (average electron energy). This density increase and electron cooling effect is due to an increase in electron-neutral collisions at higher pressures. H 2 addition to Ar decreases the plasma density and increases T e . Unlike Sode et al's observations of the EEDF shape and integral, at our conditions, the measurements show only slight changes in average electron energy (slope of EEDF in its Maxwellian part) while N e is seen to decrease drastically. This loss in density with only slight increase in electron energy is due to H 2 's additional electron collisional energy losses of molecular dissociation and excitation of vibrational and rotational energy levels [4] .
Varying pressure and H 2 additive gas has two opposite effects on T e and density. The change in electron properties with pressure and H 2 additive parameters is shown in figures 2(a) and (b). Figure 2 (a) shows that T e decreases from ∼3.4 eV at 5 mTorr to ∼2 eV at 30 mTorr while N e increases from ∼5 × 10 10 cm −3 at 5 mTorr to ∼3.5 × 10 11 cm −3 at 30 mTorr. Godyak et al found similar effects of pressure on T e , N e and EEDFs in comparable inductively coupled Ar plasmas [23] . Figure 2(b) shows that, at 10 mTorr, H 2 addition increases T e from ∼2.9 eV at 0% H 2 addition to ∼3.2 eV at 30% H 2 addition and decreases N e from ∼8×10 10 cm −3 at 0% H 2 addition to ∼3 × 10 10 cm −3 at 30% H 2 addition. This large decrease in N e has been observed previously for H 2 addition to Ar plasma [4] [5] [6] 27] . The electron properties obtained from the EEDF data (figures 1 and 2) were inserted into equation (3) for finding reaction rates.
Optical emission data of the 419.8 and 420.1 nm peaks (shown in inset of figure 3) show that the intensity ratio of the 419.8 and 420.1 nm peaks strongly depends on plasma parameters. Figure 3 shows how pressure and H 2 addition impact the value of I 420.1 /I 419. 8 . This ratio increases as Ar pressure increases, and I 420.1 /I 419.8 begins to plateau above 20 mTorr. This plateauing of the ratio above 20 mTorr is most likely due resonance level Ar atom emission at masking the decrease in 419.8 nm metastable emission [14] . In Ar/H 2 plasma, the value of I 420.1 /I 419.8 falls with increasing H 2 addition. Independent of Langmuir probe measurements, this change shows qualitative changes to metastable densities. The I 420.1 /I 419.8 values obtained (figure 3) were inserted into equation (1) and equation (2), respectively. Neutral gas temperature (T g ) is an important scaling parameter for the N Ar,m modelling. Sode et al recently reviewed neutral gas temperatures for low pressure Ar and Ar/H 2 plasmas for modelling techniques [6] . For models/measurements of Ar and Ar/H 2 plasmas at the similar electron densities and pressures in Sode et al, neutral gas temperatures ranged from 400-600 K, depending on conditions. In this model, we assumed gas temperatures of 400 and 600 K for each condition. These two cases are reflected in the range of the error bars in the calculated N Ar,m /N e ratios, shown in figure 4 .
The final calculated values of N Ar,m /N e ratio for the Ar pressures series and the H 2 addition to Ar series are shown in figure 4 . For Ar, increasing pressures decreases N Ar,m /N e . This can be explained by increased collision-induced cooling at higher pressure decreasing electron temperatures that are relevant to excitation. While the relative density decreases, N Ar,m encounters a localized maximum between 10 and 15 mTorr, a range that lowers at higher/lower pressures. This increase could result from N e increasing faster than T e decreases once T e decreases below the threshold for excitation. The model is in agreement with previously published studies of Ar plasmas pressure dependencies showing an increase in density with pressure [12, 14, 16] . The decrease in N Ar,m is in agreement with Boffard et al 's result using laser absorption at pressures higher than 10-15 mTorr (in a much denser Ar plasma) [16] . In Ar/H 2 plasmas, N Ar,m decreases with addition of H 2 , in agreement with the absorption spectroscopy measurement of Wang et al [17] . A localized increase of N Ar,m was not seen at low flows of H 2 in Ar cases as seen in Kimura and Kasugai's global model simulations [4] . Unlike increasing the pressure, H 2 addition caused no localized increase in N Ar,m , since it H 2 addition results in no increase in the value of N e . Small changes (∼10%) in T e seem to have little effect on modelled N Ar,m it seems to follow the decrease in N e .
This method could be useful qualitatively in situations where Langmuir probe and laser absorption methods are unavailable for measuring T e and N e (e.g. an industrial plasma processing tool). With knowledge of the 420.1 nm/419.8 nm line intensity ratios and changes to absolute intensities, relative N Ar,m behaviour can be qualitatively estimated directly from optical emission spectroscopy. Absolute values require accurate measurements for T e and N e . In Ar/H 2 plasmas using this method, N Ar,m appears to be qualitatively insensitive to small uncertainties in T e and N e .
If only optical emission spectroscopy measurements were available, the 420.1 nm/419.8 nm line intensity ratio decrease of ∼65% over the parameter space follows qualitatively the behaviour of N Ar,m . With full information of T e and N e , the model allows for a quantitative expression of N Ar,m decreasing to ∼55% its original value. For Ar plasma at different pressures, with both the T e and N e varying highly, this method becomes less effective without knowledge obtained using both Langmuir probe and 420.1 nm/419.8 nm line intensity ratios.
Conclusion
In summary, we used electrical and optical plasma characterization data in combination with cross section data and a model of the population/deexcitation of Ar excited states to obtain N Ar,m . EEDF measurements reflect increases in N e and decreases in T e as Ar pressure increases, while H 2 addition causes large decreases in N e and marginal increases in T e . Emission ratios of the 420.1 nm to 419.8 nm line increase as pressure is increased, while a decrease in intensity is seen for increasing H 2 addition. In low-pressure Ar plasmas, Ar metastable atoms have the highest density if normalized to plasma N e . As pressure increases, the N e increase outpaces the increase in N Ar,m , which levels off around 30 mTorr due to a drop in T e . With the addition of H 2 , a relative decrease is seen in N Ar,m relative to N e , but without as sharp of a decline as with pressure. This optical method has shown to be useful for obtaining Ar metastable densities with satisfactory accuracy and precision at different plasma pressures and with H 2 gas additions, in agreement with rigorous quantitative diagnostics seen in literature.
